Abstract We investigated the combined effect of fluoride exposure and Vitamin D deficiency in causing bone damage as a precursor to development of Fluorotoxic Metabolic Bone Disease. Thirty-six male Sprague-Dawley rats were divided into 6 groups of six; 3 groups received a Vitamin D deficient diet whereas the other 3 received a Vitamin D adequate diet. Serum total 25-hydroxyvitamin D (25OHD), calcium, phosphorus, creatinine, Alkaline phosphatase (ALP), albumin, Parathyroid hormone (PTH), Osteocalcin and C terminal telopeptide (CTx) were measured following exposure to varying levels of fluoride in drinking water (\ 1.0, 15 and 50 ppm). Full body Dualenergy X-ray Absorptiometry (DXA) scans were used to examine changes in bone morphology pre and post exposure to fluoride. Renal tubular function was assessed using serum creatinine and urine Cystatin C. Histopathological examination of sections of bone and kidney tissues were also performed. Prior to fluoride exposure, DXA scans revealed a significant decrease in Bone Mineral Density (BMD) and Bone Mineral content (BMC) (p \ 0.05) but a significant increase in fat mass (p \ 0.05) and fat percentage (p \ 0.01) among Vitamin D deficient rats, with no significant change in biochemical parameters. Following exposure to fluoride, BMD was significantly increased (p \ 0.05) in both groups with a corresponding increase in serum ALP, bone fluoride content, Osteocalcin, CTx and urine fluoride with increasing levels of fluoride exposure. Serum creatinine calcium and phosphate and urinary cystatin C levels showed no significant changes. Light microscopy examination revealed mild thickening and increased osteoid in 80% of the Vitamin D deficient rats exposed to high levels of fluoride but renal tubular changes were found only in one experimental and one control animal. Fluoride deposited in rat bone affects both osteoblastic and osteoclastic activity. Also, these effects are accentuated in the presence of Vitamin D deficiency.
Introduction
Exposure to high levels of fluoride in drinking water causes changes in bone morphology and metabolism which eventually progresses to Fluorosis. This is also known as Fluorotoxic Metabolic Bone Disease (FMBD) and its toxic manifestations are Dental Fluorosis, Skeletal Fluorosis and Genu Valgum (bowing of lower limbs) among children [1] . Skeletal Fluorosis (associated with fluoride intake in water from 3.0 to 6.0 ppm per day or more) may lead to disabilities such as musculoskeletal dysfunction, arthritis, ankylosis of the spine with radiculopathy, osteosclerosis with ligament calcifications as well as peripheral neuropathy [2, 3] . Genu valgum has been found to coexist with bone disorders: osteomalacia, osteosclerosis and osteopenia [4] . The magnitude of this problem is alarming in India, as it is known to affect 62 million people including Electronic supplementary material The online version of this article (https://doi.org/10.1007/s12291-017-0709-7) contains supplementary material, which is available to authorized users. 6 million children [5] . Thus studying the causes, related factors and consequences of this major public health problem is essential.
Vitamin D deficiency is very common in India and it has been suggested that vitamin D and calcium deficiencies may render individuals more susceptible to FMBD [6] [7] [8] . This study looks at the combined effect of Vitamin D deficiency and fluoride exposure on bone morphology and metabolism which may lead to the development of FMBD. Since increased blood fluoride levels are found to be associated with impaired renal function, renal dysfunction maybe another factor contributing to fluorosis [9] . Some case reports have shown that fluorosis causes changes in the glomerular filtration rate and severe tubular damage [3, 10] . These studies have hypothesised that there is a vicious cycle wherein fluoride induced renal damage leads to further increase in the blood fluoride levels, which in turn results in further damage to the kidneys. But this area is yet to be researched extensively.
Materials and Methods

Ethical Considerations
Approval for conducting the animal experiments was obtained from the Institutional Review Board (IRB), Institutional Animal Ethics committee and the Committee for the Purpose of Control and Supervision of Experimentation on Animals (CPCSEA), as per the regulations of Government of India.
Induction of Vitamin D Deficiency in the Rat Model
Male Sprague-Dawley rats (weighing approximately 250 gm each) were divided into 6 groups with 6 rats in each group. Rats in group 2, 4 and 6 received a diet deficient in vitamin D [obtained from National Institute of Nutrition (NIN), Hyderabad]. They were housed in rooms in the animal house where there was no exposure to UV radiation. Animals in group 1, 3 and 5 were fed with a control diet that contained 400 IU of vitamin D per kg of diet (also obtained from NIN, Hyderabad) and were housed under standard lighting conditions. All animals received drinking water that contained normal levels of fluoride (\ 1.0 ppm).
Laboratory Investigations
The rats maintained on the vitamin D deficient diet for 4 months were confirmed to be vitamin D deficient by serum estimation of 25OHD and calcium. At this same time, serum levels of calcium, phosphorus, creatinine, ALP and albumin were estimated in blood obtained from the retro-orbital venous plexus sinus of the rats in both control and experimental groups. Whole body animal BMD and BMC was estimated in the rats using DXA scans after inducing general anaesthesia.
Assessing Effect of Fluoride on Bone and Kidney
After the initial 4 months period of pre-conditioning, the control group and deficient group rats were administered drinking water with varying levels of fluoride (\ 1.0, 15 and 50 ppm) using feeding bottles, but with the same diets as before. Rats in groups 1 and 2 continued to receive a normal (\ 1 ppm) concentration of fluoride. Rats in groups 3 and 4 received 15 ppm fluoride in drinking water and rats in groups 5 and 6 received 50 ppm fluoride. This treatment was continued for 7 months. Ionized plasma fluoride levels tend to be lower in rats than in humans. It is shown that drinking water containing 15 and 50 ppm of fluoride produces plasma levels of ionized fluoride in rats equivalent to humans consuming 3 and 10 ppm of fluoride in drinking water [11, 12] . Following this, urine samples (24 hrs) were collected using metabolic cages and blood samples were obtained by cardiac puncture after sacrificing the rats.
Laboratory Investigations
To study the effect of fluoride on bone, the following tests were performed in rat serum: total 25OHD, PTH, Osteocalcin, CTx, ALP, calcium, phosphorus and creatinine. Albumin, fluoride and cystatin C were assessed in urine. Urine fluoride levels were measured by ISE in the Thermo Scientific Orion 4 star pH.ISE Bench top. Total Ionic Strength Adjustment Buffer (TISAB) was added to equal amount of urine sample in a non-glass beaker. After continuous mixing of this sample, a stable reading was displayed on the meter.
Imaging and Pathological Examinations
After 7 months of exposure to fluoride, rat BMD was measured under general anaesthesia by DXA scan and then after sacrificing the rats, the femur and vertebrae were retrieved. The rat bone morphology was assessed using light microscopy [13] . The bone content of fluoride, calcium and phosphorus were also estimated after ashing the bone [14] . Light microscopy was carried out on rat kidney sections to assess morphological damage in the kidney.
Statistical Analysis
The data was screened for outliers and extreme values using the Box-Cox plot and histogram. Descriptive statistics were used to report the clinical characteristics of rats and the data was expressed as mean ± standard deviation. The Mann-Whitney U test was used for between group (experimental and control) and risk variables. The two way Analysis of Variance (ANOVA) was used for determining statistically significant differences between the various treatment groups. A p value of less than 0.05 was considered statistically significant. The Statistical Package for Social Scientists (SPSS) version 17.0 was used for all statistical analysis.
Results
Changes in Bone Morphology and Metabolism Induced by Vitamin D Deficiency in the Rat
The only change in any biochemical parameters after 4 months exposure to a vitamin D deficient diet and prior to exposure of any group to fluoride was that, the experimental group rats had a statistically significant decrease in serum vitamin D levels (4.5 ± 3.0 vs 27 ± 6 ng/ml), but there was no significant change in levels of serum calcium (10.1 ± 0.6 vs 10 ± 0.8 mg/dl), albumin (3.3 ± 0.5 vs 3.2 ± 0.5 g/dl) or ALP (52 ± 8 vs 55 ± 8 U/L). Table 1 shows the changes in BMD, BMC and fat mass after 4 months on a Vitamin D deficient diet. The BMC and BMD were significantly higher in the control group rats than in the experimental rats (p \ 0.05). There was a significant increase in the fat mass (p \ 0.05) and percentage of fat in the vitamin D deficient group (p \ 0.01). The total mass of the rats in the vitamin D deficient group was found to be higher when compared to the control group, but this increase was not statistically significant. Figure 1 shows that the BMD of the rats in control group increased with increasing fluoride exposure. A similar trend was observed in the experimental group but neither findings were statistically significant. The rats from each control group had significantly higher BMD (p \ 0.05) than the respective Vitamin D deficient rats exposed to the same level of fluoride. All the fluoride exposed Vitamin D deficient rats still maintained their increased fat mass and percentage of fat as compared to their respective controls, but there were no significant differences in BMC between each experimental group and its corresponding controls.
Changes in Bone Morphology and Metabolism Induced by Varying Levels of Fluoride Intake in the Rat Model of Vitamin D Deficiency
After 7 months exposure to fluoride (Fig. 2) , a number of biochemical parameters of bone formation and destruction were assessed in control and experimental animals. It was observed that the Vitamin D levels of the experimental group (vitamin D deficient) in comparison with control group were undetectable (\ 3 ng/ml) (p \ 0.001). There were no significant changes observed in the serum calcium and serum albumin levels within or between the groups. The control group rats treated with low, moderate and high levels of Fluoride had almost the same levels of serum calcium (9.85 ± 0.55, 9.82 ± 0.17 and 9.82 ± 0.55 mg/dl respectively). There were no significant changes observed in the serum calcium values after being treated with low, moderate and high levels of fluoride, among the Vitamin D deficient rats too (10.13 ± 0.46, 9.75 ± 0.48, 10.1 ± 0.47 mg/dl). Serum levels of phosphorus were found to be increasing with increasing levels of fluoride in the control group rats (p \ 0.05) but this trend was not appreciated among Vitamin D deficient group. The rats in the control group, exposed to high levels of Fluoride, had significantly higher levels (6.96 ± 0.87 mg/dl) of phosphorus when compared to the rats treated with moderate (6.18 ± 0.44 mg/dl) and low levels (5.58 ± 0.65 mg/dl) of fluoride (p \ 0.05). The Vitamin D deficient rats with high levels of fluoride had higher levels (6.9 ± 0.65 mg/dl) of serum phosphorus than the group of rats treated with moderate (6.2 ± 0.29 mg/dl) and low levels (6.38 ± 0.44 mg/dl) of Fluoride. Serum ALP was found to be increasing in both control and Vitamin D deficient groups with increasing fluoride exposure (p \ 0.05). Vitamin D deficient rats also had higher ALP levels when compared to their respective controls. Serum osteocalcin (bone formation marker) was higher in Vitamin D deficient groups (p \ 0.01) than in their controls. Osteocalcin levels increased with increasing fluoride exposure among control group rats (p \ 0.01). After moderate fluoride exposure osteocalcin levels were lower than with high and low fluoride exposure. Overall the combined osteocalcin levels of Vitamin D deficient rats were found to be significantly higher than the combined control group data (p \ 0.01).Serum CTx (bone resorption marker) levels, on an overall comparison were significantly higher among rats from the Vitamin D deficient groups when compared to their respective controls group (p \ 0.05).The highest serum CTx levels were in the group with moderate fluoride exposure. There were no significant differences found between the serum fluoride levels of the Vitamin D deficient and the control group rats but serum fluoride increased with increasing fluoride exposure in all groups.
The Vitamin D deficient group had consistently higher bone fluoride levels than the control group rats which was statistically significant among the group exposed to high levels of fluoride (p \ 0.05) There were no changes in bone calcium and bone phosphorus levels among the vitamin D deficient and control group rats or between the groups.
Bone histopathological examination (Fig. 3 ) revealed normal bone in both control and Vitamin D deficient group rats treated with low and moderate levels of fluoride. But in the Vitamin D deficient rats treated (n = 5) with a high fluoride intake of 50 ppm, examination revealed mild thickening of bone with increased osteoid. In addition, two of the rats from control group treated with high levels of fluoride had mild thickening and increased osteoid in the bone. Figure 4 shows the effects of fluoride intake in drinking water on its renal excretion in the rat model of Vitamin D deficiency. Urine fluoride levels increase with increasing levels of fluoride exposure in water (p \ 0.001) but there was no significant difference between the control and experimental rat groups. Urine low molecular weight protein, Cystatin C (renal tubular marker) and serum creatinine levels showed no significant changes within or between the groups.
After sacrificing the 14 control group and 16 experimental group rats a light microscopic examination of the renal tissue was carried out (Fig. 5a, b . It was found that out of the rats treated with high levels of fluoride (50 ppm), one each from the control and the Vitamin D deficient group, showed sparse necrotic debris in occasional renal tubules. Both these animals had elevated serum creatinine levels (0.79 and 0.65 mg/dl respectively)
Discussion
The Vitamin D deficient diet was effective in producing deficiency after 4 months, as evidenced by serum levels of total 25OHD. This is consistent with the 10 week period described in the literature [15] . Serum calcium, albumin and ALP were not significantly different in normal diet and Vitamin D deficient diet rats. This is in accordance with a study assessing Vitamin D deficiency in rats, which also found normal serum calcium concentrations [15] . Among humans also it was found that in early Vitamin D deficiency there will be no changes in serum ALP [16] .
DXA scan has been found to be a sensitive, non-invasive and precise method of measurement of BMD in animals. DXA scans seem to be able to detect even the slightest change in BMD over short-periods of time, revealing a significant decrease in BMD and BMC in the Vitamin D deficient rats compared to control animals [17] . Pre and post-menopausal women with Vitamin D deficiency also had a coexisting low BMD [18] so our BMD findings in rats are consistent with this data in humans.
In the present study, there was a significant increase in the fat mass and percentage of fat among Vitamin D deficient rats. Adipose tissue is known to regulate and be regulated by Vitamin D, because intracellular calcium has a blunting effect on the lipolytic response to catecholamines [19] . This occurs by activation of the enzyme phosphodiesterase-3B (also known to mediate the antilipolytic response of insulin) and by compromising efficiency of insulin-stimulated glucose uptake [19] . Increased levels of PTH are also known to increase calcium in the adipocytes [19] . As PTH is also known to increase in Vitamin D deficiency, we can hypothesise that this is the mechanism by which Vitamin D deficiency increases fat mass in rats as well as humans.
Studying the Changes in Bone Morphology and Metabolism Induced by Varying Levels of Fluoride Intake in the Rat Model of Vitamin D Deficiency
DXA scans revealed that increasing levels of fluoride in drinking water increased the BMD of all the rats, although the BMD of the controls were higher. Other studies have found that Wistar rats fed a diet rich in sodium fluoride and calcium showed an increase in BMD [20] . Women consuming water with fluoride levels below 0.6 ppm had slightly decreased bone densities in comparison to women drinking water with fluoride levels above 0.6 ppm [21] . The BMD of axial and vertebral bone increased among women consuming water with high fluoride levels ([ 8.5 ppm) [22] . Our study shows that despite Vitamin D deficiency, fluoride can cause an increase in BMD. Thus demonstrating that fluoridation of drinking water improves the mineralization of bone but its effect on bone strength has not yet been explored.
Serum ALP levels and Osteocalcin (specific marker for bone formation) levels significantly increased with increasing concentrations of fluoride in both the groups. ALP and osteocalcin levels were higher in Vitamin D deficient rats when compared to control group rats. These findings agree with a study which assessed the serum, bone ALP and serum osteocalcin levels in rats exposed for 90 days to high (150 ppm) levels of fluoride [23] . In human, Osteocalcin levels were found to be higher after exposure to fluoride for 3 weeks among healthy males [24] . Bone morphology studies, using pure hydroxyapatite (Fluoride containing discs), showed increased cell attachment, proliferation and higher ALP activity in cells cultured on these discs [25] . This demonstrates that increased concentrations of fluoride increase osteoblastic cell activity. Other studies, over the past two decades, have shown that fluoride inhibits the activity of osteoclasts [26, 27] . The present study however found that activity of osteoclasts (as measured by serum CTx) levels, increased with low and moderate concentration of fluoride exposure but a higher concentration of fluoride appeared to have an inhibitory effect on activity of osteoclasts. CTx levels were significantly higher among all the vitamin D deficient rats compared to all the controls. We can conclude that though concomitant presence of Vitamin D deficiency and moderate levels of fluoride has a stimulatory effect on osteoclast activity, higher concentrations of fluoride may have an inhibitory effect.
Histopathological examination showed normal bone in control and Vitamin D deficient rats exposed to low and moderate levels of fluoride. However 80% of rats from the Vitamin D deficient group exposed to high levels of fluoride had mild thickening of bone with increased osteoid, whereas only 30% of their control rats had mild thickening and increased osteoid. These findings taken along with the changes in BMD, Osteocalcin, C-terminal peptide and elevated bone fluoride levels, indicates that vitamin D deficiency makes the rats more susceptible to bone damage when exposed to high levels of fluoride (50 ppm) in their drinking water. We hypothesize that Fluoride is causing a flux in bone remodelling, getting incorporated in the bone and affecting both construction and breakdown of bone.
Studying the Effects of Fluoride Intake in Drinking Water on the Renal Tubular Function of Rat Model
After exposure to fluoride, serum creatinine levels and Urinary Cystatin C concentrations did not show any significant changes. This does not agree with other studies where male Wistar rats treated for 40 days with 15 ppm and 50 ppm of fluoride had a considerable dose dependent rise in biomarkers of renal tubular function i.e. urinary beta 2 microglobulin, cystatin C, Kidney injury molecule-1 (Kim-1), Clusterin(Clu) and Osteopontine (OPN) [28] . However pathological examination of the rat renal tissue detected signs of tubular damage in two rats, exposed to high fluoride, one from control and the other from experimental group. In addition they both had elevated serum creatinine levels. Hence, we are able to conclude that there is an incidence of renal tubular damage occurring with increased fluoride intake in individual rats. It is noteworthy that increasing levels of fluoride in serum produced increased urinary excretion of fluoride, regardless of vitamin D status of the rats.
Conclusion
Our study showed that, Vitamin D deficiency significantly reduces BMD, BMC while increasing fat mass in rats. Subsequent to fluoride exposure, it was found to be depositing in bone and affecting bone remodelling. These effects were accentuated in the presence of Vitamin D deficiency. Our study also shows that Vitamin D deficiency can aggravate fluoride toxicity on the bone even in the absence of significant renal tubular dysfunction or renal failure. In our country Vitamin D deficiency is rampant and a large proportion of the population is exposed to high fluoride in drinking water. We hypothesize that correcting Vitamin D deficiency in the population at risk may decrease fluoride toxicity on the skeleton. • Rat serum PTH could not be analysed due to technical problems.
• Due to the non-availability of bone histomorphometry in India only light microscopic examination could be carried out.
• We cannot rule out that Vitamin D rats gained weight from being kept in dark conditions rather than from Vitamin D deficiency.
